BACKGROUND: Monoclonal antibodies against proprotein convertase subtilisin kexin type 9 (PCSK9), such as evolocumab, lower plasma low-density lipoprotein (LDL)-cholesterol concentrations. Evolocumab is under investigation for its effects on cardiovascular outcomes in statin-treated, high-risk patients. The mechanism of action of PCSK9 monoclonal antibodies on lipoprotein metabolism remains to be fully evaluated. Stable isotope tracer kinetics can effectively elucidate the mode of action of new lipid-regulating pharmacotherapies.
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E levated low-density lipoprotein (LDL)-cholesterol is a major cause of atherosclerotic cardiovascular disease. 1 The plasma concentration of LDL-cholesterol is physiologically and tightly regulated by the sequential delipidation of triglyceride-rich lipoproteins (TRLs) that originate in the liver and by the functional activity of hepatic LDL receptors (LDLRs), 2 which internalize apolipoprotein B-100 (apoB)-containing LDL particles. The homeostasis of these lipoproteins is fundamental to understanding the dyslipidemias and its regulation is the principal target of effective pharmacotherapies. 3, 4 The major advances in our present knowledge of the physiology, pathophysiology, and therapeutic control of human lipoprotein metabolism has relied on the application of stable isotope tracer and multicompartmental modeling methods. 3, 4 Proprotein convertase subtilisin kexin type 9 (PCSK9) is a secretory protease, expressed mainly in liver, that enhances intracellular degradation of hepatic cell surface receptors involved in lipid and lipoprotein metabolism. 5 PCSK9 regulates cholesterol homeostasis via LDLR activity, 5 and its functional genetic variants can influence atherosclerotic cardiovascular disease. 5, 6 Both PCSK9 and LDLRs are transcriptionally coregulated by sterol regulatory element-binding protein-2 in response to intracellular cholesterol. 5 The key physiological role of PCSK9 provides the scientific basis for the development of specific inhibitors of this protease for treating dyslipidemias that perturb the metabolism of LDL particles. 5, 6 PCSK9 inhibition with monoclonal antibodies (mAbs) blocks the extracellular interaction of PCSK9 with the LDLR, 6, 7 and profound LDL-cholesterol lowering has been consistently reported in hypercholesterolemic patients, with implications for the prevention of atherosclerotic cardiovascular disease. 6, 7 However, the precise mechanism of action of PCSK9 mAbs on lipoprotein metabolism in humans remains to be demonstrated. Whereas experimental data suggest a major effect in increasing LDL clearance via the LDLR pathway, [5] [6] [7] PCSK9 inhibition can lower both hepatic apoB secretion and production of LDL particles and may possibly also increase clearance of TRLs, 5 but these mechanisms are less well recognized and remain to be confirmed in humans.
Statins inhibit 3-hydroxy-3-methylglutaryl-coenzyme A reductase, which decreases intracellular free cholesterol and stimulates expression of sterol regulatory elementbinding protein-2 and LDLR activity. 8 This lowers plasma LDL particle concentration by accelerating hepatic clearance but is counterbalanced by increased secretion of PCSK9. 7, 9 Statins may also lower production of apoB and enhance clearance of TRLs, 4 but these mechanisms are less well accepted.
Whereas statins increase hepatic secretion of PCSK9 dose dependently, 7 PCSK9 inhibition may not synergistically lower LDL-cholesterol in hypercholesterolemic patients, 7 in whom there may be a limit to the upregulation of LDLRs. Whether this also applies to normocholesterolemic individuals with fully functional LDLRs is unclear. This question may be particularly relevant to understanding the pharmacodynamics of LDL-cholesterol reduction with combination therapy at low plasma concentrations of LDL-cholesterol. 6, 7 Therefore, we investigated the independent and combined effects of decreasing cholesterol synthesis with atorvastatin and inhibiting PCSK9 activity with evolocumab on apoB kinetics in normocholesterolemic men by using a factorial study design. We hypothesized that, via different mechanisms of action, atorvastatin and evolocumab independently and additively improve apoB metabolism, with particular enhancement in LDL particle catabolism.
Clinical Perspective
What Is New?
• This is the largest and most robust stable isotope tracer study of the effect of inhibiting proprotein convertase subtilisin kexin type 9 and cholesterol synthesis on lipoprotein metabolism in humans.
• In healthy subjects, high-dose atorvastatin and evolocumab independently accelerated the catabolism of very-low-density, intermediate-density, and lowdensity lipoprotein particles.
• Evolocumab but not atorvastatin decreased the production of intermediate-density lipoprotein and lowdensity lipoprotein.
• This explained the greater reduction in plasma concentrations of low-density lipoprotein particles with evolocumab than with atorvastatin and the greater efficacy of combination therapy than monotherapy in lowering the plasma concentration of the apolipoprotein B-100-containing lipoprotein particles.
What Are the Clinical Implications?
• Evolocumab, a monoclonal antibody against proprotein convertase subtilisin kexin type 9, lowers the plasma concentrations of atherogenic apolipoprotein B-100-containing lipoproteins by accelerating catabolism and reducing production of these particles, even in subjects with a normal plasma lipid profile.
• High-dose atorvastatin also accelerates catabolism but does not lower production of these lipoproteins, implying that, even at lower plasma lipid levels, both agents have complementary modes of action.
• The mechanisms described may apply to individuals with milder forms of dyslipidemias, but need further investigation in those with familial hypercholesterolemia.
• The findings proffer potential new mechanisms for understanding the outcomes of ongoing clinical trials using proprotein convertase subtilisin kexin type 9 inhibitors.
METHODS Subjects
We studied healthy, normolipidemic men aged 18 to 65 years with fasting plasma LDL-cholesterol of ≥2.5 and <4.9 mmol/L and triglycerides of <1.7 mmol/L, Framingham Risk Score ≤10%, and body mass index of 18 to 32 kg/m 2 . None had diabetes mellitus; familial hypercholesterolemia; hypertension; or cardiovascular, renal, hepatic, thyroid, musculoskeletal, psychiatric, or other medical disorders; abnormal liver or muscle enzymes; alcohol or substance abuse; nor were taking medications affecting lipid metabolism. All were consuming isocaloric diets and took light-to-moderate exercise. The study was approved by a national ethics committee (Bellberry Ltd, Eastwood, South Australia); all subjects provided informed consent.
Study Design and Clinical Protocol
Eligible subjects entered a randomized, double-blind, placebocontrolled, two-by-two factorial design, intervention trial involving a 7-day run-in period, during which dietary intake, exercise, and body weight were stable. Subjects were randomly assigned (1:1:1:1) to 1 of the 4 treatment groups for 8 weeks: placebo subcutaneous (SC) every 2 weeks (Q2W) and oral placebo once a day (QD; placebo); placebo SC Q2W and oral atorvastatin 80 mg QD (atorvastatin); SC evolocumab 420 mg Q2W and oral placebo QD (evolocumab); or SC evolocumab 420 mg Q2W and oral atorvastatin 80 mg QD (evolocumab/atorvastatin); the dose regimens of atorvastatin and evolocumab were selected to achieve maximal inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A reductase and PCSK9 activities, respectively, and hence to provide the best test of our experimental hypothesis. Study visits were every 2 weeks for evolocumab dosing, treatment adherence assessment, laboratory testing, and safety measurements.
Subjects were admitted to the site metabolic ward after a 14-hour fast at the end of the run-in period (baseline study) and 7 days after the final SC dose of evolocumab or placebo, during which they continued with the oral placebo or atorvastatin. Subjects were studied in a semirecumbent position and allowed to drink only water. Venous blood was collected for laboratory measurements, and plasma volume was determined by multiplying body weight by 0.045.
A single bolus of D3-leucine (5 mg/kg of body weight) was administered intravenously within a 2-minute period into an antecubital vein. Blood samples were taken at baseline and at 5, 10, 20, 30, and 40 minutes and at 1, 1.5, 2, 2·5, 3, 4, 5, 6, 8, and 10 hours after injection of the isotope. 9, 10 Subjects were then given a snack and discharged home. Additional fasting blood samples were collected in the morning on the following 4 days of the same week (ie, at 24, 48, 72, and 96 hours after injection of the isotope).
Isolation and Measurement of Isotopic
Enrichment of Very-Low-Density LipoproteinapoB, Intermediate-Density Lipoprotein-apoB, and LDL-apoB Very-low-density lipoprotein (VLDL), intermediate-density lipoprotein (IDL), and LDL were isolated from 3.5 mL of plasma by sequential ultracentrifugation (Optima XL-100K, Beckman Coulter) at densities of 1.006, 1.019, and 1.063 g/mL, respectively. To avoid interference of lipoprotein (a) [Lp(a)]-apoB with the measurement of LDL-apoB, we removed Lp(a) from plasma before ultracentrifugation by using a immunomagnetic isolation method (Dynabeads Protein G, Life Technologies) with beads coated with a goat polyclonal antibody (immunoglobulin G) to human Lp(a) (Advy Chemical Ltd). The procedures for isopropanol precipitation, delipidation, hydrolysis, and derivatization of apoB to the oxazolinone derivative were described previously. 3, 9, 11 Plasma-free leucine was also isolated by cation-exchange chromatography using AG 50 W-X8 resin (BioRad) after removing plasma proteins with 60% perchloric acid. Isotopic enrichment was determined by using gas chromatography/mass spectrometry with selected ion monitoring of samples at a mass to charge ratio (m/z) of 212 and 209 and negative ion chemical ionization. Tracer enrichments were derived from isotopic ratios for each sample.
Quantification of apoB and Other Analytes
Plasma samples were combined from 5 time points (0, 1, 3, 8, and 24 hours) to yield 3 pooled VLDL, IDL, and LDL samples per subject study (3.5 mL of plasma), as previously described. 3, 9, 10 ApoB in VLDL, IDL, and LDL fractions from the pooled plasma samples was isolated and determined by a modified Lowry method, 9, 10 with an interassay imprecision of <5%. All routine lipid, lipoprotein, and apo analyses were assayed in serum samples by Medpace Reference Laboratories according to the Centers for Disease Control and Prevention Lipid Standardization Program. Triglyceride and cholesterol were measured with enzymatic colorimetric tests (Olympus AU2700 or AU5400 Analyzer, Olympus), with calibration directly traceable to Centers for Disease Control and Prevention reference procedures. ApoB-containing lipoproteins were precipitated with dextran sulfate, and high-density lipoprotein-cholesterol was measured in the supernatant. Calculated LDL-cholesterol was derived by using the Friedewald formula. LDL-cholesterol was also measured by preparative ultracentrifugation at the Lipid Core Laboratory. ApoA-I and apoB were measured by immunonephelometry (Dade Behring BNII nephelometer, Siemens Healthcare Diagnostics) and Lp(a) by immunoturbidimetry (Denka Seiken Co Ltd, Lp(a) assay, Polymedco). Plasma apoA-V (US Biological), apoC-III (Assay Pro), apoE (R & D Systems), lipoprotein lipase (Cusabio), and cholesteryl ester transfer protein (Cell Biolabs, Inc) concentrations were determined using enzyme-linked immunosorbent assay; free PCSK9 concentration was assayed by a quantitative enzyme-linked immunosorbent assay method (PPD Bioanalytical Laboratory). 12 Plasma lathosterol and campesterol concentrations were assayed by using gas-liquid chromatography and gas chromatography/mass spectrometry (Boston Heart Diagnostics), [9] [10] [11] from which the relative ratios and individual cholesterol ratios were estimated as indices of cholesterol synthesis and absorption. Plasma insulin was measured by chemiluminescent microparticle immunoassay, and glucose was measured by the hexokinase method (Abbott Diagnostics). Insulin sensitivity was estimated by the homeostasis model assessment score as fasting insulin (mU/L)×glucose (mmol/L)/22.5. Routine chemistry (aminotransferases, creatine kinase, electrolytes, and creatinine) and hematology tests were performed in the central laboratory (Covance Pt Ltd).
Model of apoB Metabolism and Calculation of Kinetic Parameters
The details and assumptions of the model were previously described. 3, 9, 10 In brief, compartments 1 to 4 describe plasma leucine kinetics. These are connected to an intrahepatic compartment (compartment 5) that accounts for the synthesis and secretion of apoB into plasma. Compartments 6 and 7 describe the kinetics of VLDL-apoB. Plasma IDL kinetics is described by compartment 8. Compartment 9 describes plasma LDL, and compartment 10 is an extravascular LDL compartment. VLDL-apoB, IDL-apoB, and LDL-apoB metabolic parameters (fractional catabolic rate [FCR] , production rate, and conversion rate) were derived following an optimal fit of the model to the plasma leucine, VLDL-apoB, IDL-apoB, and LDL-apoB enrichment data.
3,9,10
Statistical Analyses
All analyses were performed using STATA 12 (StataCorp. 2011. Stata Statistical Software: Release 13). Variables were log-transformed to normalize distributions. Main effects of treatment (ie, isolated effect of 1 treatment irrespective of effect of second treatment) and interactive effects of treatment (ie, effect of combination treatment not predicted by the main effects of each treatment) were assessed by maximum-likelihood random-effects regression models. The models contained 3-way interactions of time, atorvastatin, and evolocumab. If the 3-way interaction of atorvastatin, evolocumab, and time was not statistically significant, then only the main effects (timeatorvastatin and time-evolocumab) were included in the model. When the interaction (atorvastatin-evolocumab-time) was identified (ie, P<0.05), 6 comparisons were made among the 4 groups (placebo, atorvastatin, evolocumab, evolocumab/ atorvastatin) using random-effects regression models, with a Holm-Bonferroni test (step-down procedure) to adjust for multiple comparisons between groups. Because the postintervention PCSK9 values were below the lower detection limit, random-effects Tobit regression analysis was used to examine the effect of atorvastatin and evolocumab on plasma PCSK9 concentrations. Changes in variables with interventions relative to baseline were described as ratio of geometric means (post/ preintervention) and as percentages. Associations between the changes in apoB kinetics and other metabolites were examined by using linear regression and Spearman/Pearson correlations. Statistical significance was defined at the 5% level.
RESULTS
Of 245 subjects screened, 89 were eligible and were randomly assigned to either placebo (n=22), atorvastatin (n=23), evolocumab (n=23), or evolocumab/atorvastatin (n=21); one in each group withdrew consent before receiving study drugs (see Consort Diagram, Figure 1 ).
Figure 1. CONSORT diagram.
Disposition of the subjects in the study. Q2W indicates once every 2 weeks; QD, once daily; and SC, subcutaneous.
Eighty-one (95%) of 85 subjects completed the study: 3 withdrew consent before completing the protocol, and 1 evolocumab/atorvastatin subject withdrew consent following a serious adverse event of marked increases in liver and muscle enzymes.
The subjects who completed the study were on average 31 years old, lean, normolipidemic, normoglycemic, and normotensive, with well-balanced characteristics among treatment groups (Table 1) . Tablet and syringe administration counts confirmed 100% compliance with randomized treatments.
There was a significant interaction between atorvastatin and evolocumab in lowering cholesterol concentration (P=0.034), with significant decreases (P<0.001) with evolocumab/atorvastatin (-58%), atorvastatin (-33%), and evolocumab (-37%) therapies compared with placebo ( Table 2 , online-only Data Supplement Table  IA ). There were also significant interactions between atorvastatin and evolocumab in lowering LDL-cholesterol and total apoB concentrations (P=0.001 and P=0.017, respectively; online-only Data Supplement Figure I , online-only Data Supplement Table IB and IC), with the percentage reductions with evolocumab (-59% and -51%, respectively) being significantly greater than with atorvastatin (-47% and -38%, respectively); the reductions with combination therapy (-86% and -76%, respectively) were also significantly greater in comparison with either monotherapy. There were significant effects of atorvastatin in lowering triglycerides (-23%, P ME =0.001), apoC-III (-18%, P ME =0.009), and apoE (-28%, P ME <0.001) concentrations and of evolocumab in raising high-density lipoprotein-cholesterol (+9%, P ME <0.001) and lowering apoE (-27%, P ME <0.001) and Lp(a) (-25%, P ME =0·002). The ratio of LDL-cholesterol/apoB fell significantly with atorvastatin (-19%, P ME <0.001) and evolocumab (-20%, P ME <0.001). There were no significant effects on apo A-V, lipoprotein lipase, or cholesteryl ester transfer protein mass concentrations.
There were significant effects (P ME <0.005) of both atorvastatin and evolocumab in lowering lathosterol and of evolocumab in lowering campesterol. Because the reductions in the plasma concentrations of both of these noncholesterol sterols reflect, in part, the reductions in the apoB-containing lipoproteins in which they are transported in plasma, we estimated the corresponding lathosterol/cholesterol, campesterol/ cholesterol, and lathosterol/campesterol ratios, as in other studies. 9, 11, 13 There were significant effects (P ME <0.001) of atorvastatin but not evolocumab in lowering the lathosterol/cholesterol (-68%) and lathosterol/campesterol ratios (-79%) and in raising the campesterol/cholesterol ratio (+52%), implying a reduction in cholesterol synthesis and an increase in cholesterol absorption, respectively. There were no significant changes in glucose and insulin concentrations with either intervention. There were significant effects (P ME <0.001) of atorvastatin in increasing (+41%) and of evolocumab in decreasing (-98%) plasma-free PCSK9 levels (Table 3 ). There were no significant group changes in body weight and blood pressure. Atorvastatin significantly lowered the plasma pool sizes of VLDL-apoB (-26%, P ME =0·001) and IDL-apoB (-26%, P ME <0.001; Figure 2A and 2B) and increased the corresponding FCRs (VLDL-apoB, +40%, P ME <0.001; IDL-apoB, +27%, P ME =0.002, respectively; Figure 3A and 3B). Evolocumab also significantly lowered the pool sizes of VLDL-apoB (-28%, P ME =0.001) and IDL-apoB (-39%, P ME <0.001; Figure 1A and 1B) and increased the corresponding FCRs (VLDL-apoB, +23%, P ME =0·032; IDL-apoB, +37%, P ME =0.002, respectively; Figure 3A and 3B). Neither intervention altered the production of VLDL-apoB, but, in contrast to atorvastatin, evolocumab significantly lowered the production of IDL-apoB (-16%, P ME =0.043; Table 4 , Figure 3C and 3D).
There was a statistically significant interaction between atorvastatin and evolocumab on the pool size of LDL-apoB (Table 4 , Figure 2A , online-only Data Supplement Table ID) , with the reduction with combination therapy (-85%) being significantly greater (P<0.001) in comparison with placebo and both monotherapies. Atorvastatin significantly increased the FCR of LDL-apoB (+95%, P ME <0.001; Figure 3A and 3B), with no significant effect on LDL-apoB production rate ( Figure 3C  and 3D Values are expressed as geometric mean (95% CI). Ratio refers to ratio of geometric means of post/prevalues for treatment effect. apo indicates apolipoprotein; CETP, cholesteryl ester transfer protein; CI, confidence interval; HDL-C, high-density lipoprotein-cholesterol; LDL-C, lowdensity lipoprotein-cholesterol; Lp, lipoprotein; LPL, lipoprotein lipase; TC, total cholesterol; and TG, triglycerides.
*Main effects not tested because of significant interaction between interventions. †Please refer to online-only Data Supplement Table IA , IB, and IC for full regression models from the 3-way interaction analysis and for explanation of the direction and magnitude of the significant interactive effects of treatments. (+106%, P ME <0.001; Figure 3A and 3B) and lowered the production rate (-30%, P ME <0·001; Figure 3C and 3D) of LDL-apoB and decreased the production (or transport) rate of apoB from VLDL to IDL (-19%, P ME =0.038) and from IDL to LDL (-31%, P ME =0.001; Table 4 , Figure 3C and 3D). There were no significant effects of interventions on direct hepatic secretion rates of IDL-apoB and LDL-apoB.
In the 3 intervention groups combined, the reductions in VLDL-apoB, IDL-apoB, and LDL-apoB pool sizes were significantly correlated with the corresponding increases in FCRs (r=-0·51, P<0.001 for VLDL; r=-0·49, P<0.001 for IDL; r=-0·48, P<0.001 for LDL). In multivariable regression, the increase in LDL-apoB FCR (standardized β-coefficient -0.442, P<0.001) and the reduction in LDLapoB production rate (standardized β-coefficient 0.596, P<0.001) were independent predictors of the decrease in LDL-apoB pool size. The increase in VLDL-apoB FCR was only significantly correlated with the fall in plasma apoC-III (r=-0·34, P=0.008); increases in LDL-apoB FCR were inversely correlated with the lathosterol/campesterol ratio (r=-0·35, P=0.006).
The overall rates of adverse events were similar among the groups, although they were reported with greater frequency in the active intervention groups (70.0%-86.4%) than with placebo (52.4%; online-only data Supplement Table II ). There was 1 serious adverse event of marked but asymptomatic elevations in plasma aminotransferases (peak alanine transaminase 86×, aspartate transaminase 52× upper limit of normal [ULN]), and creatine kinase (peak=19× ULN) in the evolocumab/atorvastatin group related to acute, excessive consumption of alcohol, strenuous activity, and concomitant use of paracetamol. The subject withdrew from the study and had spontaneous resolution of abnormal to normal values 4 weeks after cessation of treatment. Headache was reported more frequently in subjects receiving active treatments (22.7%-36.4%) than in those in the placebo group (9.5%), as was nausea (9.1%-13.6% versus 4.8%, respectively). Potential injection-site reactions were seen in 2 subjects in the atorvastatin group (9.1%) and in 1 subject in the evolocumab/atorvastatin group (5.0%) in comparison with none in the other groups. Muscle-related adverse events were seen in 3 subjects in each of the atorvastatin (13.6%) and evolocumab/atorvastatin groups (15.0%) in comparison with 1 subject in the placebo group (4.8%) and in the evolocumab group. Elevations of >3× ULN in hepatic aminotransferases were reported in 1 subject each in the atorvastatin groups (4.8%) in comparison with no subjects in the evolocumab or placebo groups. Elevations in plasma creatine kinase of >5× ULN were seen in 2 subjects in each of the groups receiving atorvastatin (9.1%-10%) in comparison with 1 subject in the evolocumab group (4.5%) and none in the placebo group. There were no deaths, cardiovascular events, or hospitalizations.
DISCUSSION
This is the first and most comprehensive investigation of the effects of inhibiting PCSK9 and cholesterol synthesis on the kinetics of apoB-containing lipoproteins in humans. In normolipidemic subjects, maximal dose regimens of atorvastatin and evolocumab independently increased the catabolism of all apoB-containing lipoproteins by separate mechanisms that most likely involve enhanced activity of the hepatic LDLR superfamily. Whereas each intervention accelerated the catabolism of VLDL-apoB, IDL-apoB, and LDL-apoB, evolocumab alone decreased the production of IDL-apoB and LDL-apoB. The effects of pharmacotherapies on lipoprotein kinetics have been undertaken mostly in patients with dyslipoproteinemia. 3, 4 We selected normolipidemic subjects to investigate the metabolic consequences of inhibiting cholesterol synthesis and PCSK9 in the setting of physiological apoB transport and a fully functional LDLR pathway. Although we did not strictly test for gene variants in this pathway, the physiological and highly responsive FCR of LDL-apoB of our subjects evidently implies that their LDLR function was normal. Under physiological conditions, LDLR recycling within hepatocytes is regulated intracellularly by free cholesterol and extracellularly by PCSK9. 5 That evolocumab and atorvastatin increased the catabolism of LDL-apoB is consistent with their primary effects in inhibiting circulating free PCSK9 and de novo cholesterol synthesis (reflected by the plasma lathosterol/cholesterol ratio), 5, 7, 9, 13, 14 respectively, both of which increase hepatic LDLR function. 5, 8, 14 These primary mechanisms were confirmed by our findings of significant reductions in serum-free PCSK9 levels and the lathosterol/cholesterol ratio, respectively. 7, 13 That the increase in catabolism of LDL-apoB was comparable between evolocumab and atorvastatin implies that maximal increase in LDLR recycling, because of complete inhibition of PCSK9, and potent upregulation of the LDLR, because of inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A reductase, have equivalent and independent effects on hepatic LDLR function. Accordingly, the enhancing effect of combination therapy on the catabolism of LDL suggests that the primary mechanism of action of both agents can independently increase LDLR activity, 7, 8, 14 with further lowering of LDL-apoB and Ratio of geometric means (post/preintervention) for individual effects of placebo, atorvastatin, evolocumab, and atorvastatin plus evolocumab on fractional catabolic rate (FCR) of apoB in VLDL, IDL, and LDL (A); with ratio of geometric means (post/preintervention) for main effects of atorvastatin and evolocumab on the corresponding FCRs (B); and ratio of geometric means (post/ preintervention) for individual treatment effects on production rate (PR) of apoB from VLDL to IDL and from IDL to LDL and on total PR of LDL-apoB (C); with ratio of geometric means (post/preintervention) for main effects of atorvastatin and evolocumab on the corresponding PRs of apoB (D). Main effects of interventions were analyzed by maximum-likelihood random-effects regression models. apoB indicates apolipoprotein B; CI, confidence interval; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; and VLDL, very low-density lipoprotein.
LDL-cholesterol even within a lower range of plasma LDL concentrations. Evolocumab also uniquely decreased the plasma transport of apoB and, hence, the production and concentration of LDL-apoB. Although the marked increase in LDL-apoB FCR led to a fall in LDL-apoB pool size with the treatments, LDL-apoB production was the Table ID for full regression models from the 3-way interaction analysis and for explanation of the direction and magnitude of the significant interactive effects of treatments. more important predictor of the change in pool size in regression analyses. This suggests that, in response to the interventions, a balancing feedback mechanism determines the final, steady-state concentration of LDL-apoB in plasma. 3, 4, 15 Accordingly, this could explain why the profound increase in fractional catabolism of LDL-apoB with combination therapy was not paralleled by a commensurate fall in pool size. That LDL size, as reflected by the LDL-cholesterol/apoB ratio, fell with both interventions is consistent with cholesterol depletion of LDL particles. 16 This refutes the notion that accelerated catabolism of LDL-apoB involves an increase in size-related affinity of particles for the LDLR. An impact of the interventions on the intrahepatic oxysterol pool with subsequent activation of the liver-X receptor and increased catabolism of the inducible degradator of the LDLR is another possible mechanism that merits further investigation. 17, 18 We confirm our previous studies that atorvastatin enhances the fractional catabolism of LDL in humans. 4 As in those studies, we found no effect of either evolocumab or atorvastatin in decreasing hepatic secretion of apoB, despite our subjects not being insulin resistant. Our findings suggest that a marked increase in LDLR functionality or reduction in the availability of intracellular cholesterol does not limit the secretion of apoB by the liver. Although we previously showed that low-dose simvastatin decreased the hepatic secretion of apoB in normolipidemic subjects, 19 our present data suggest that a much greater activation of the LDLR pathway and commensurate catabolism of apoB with high-potency atorvastatin or with evolocumab may attenuate such an effect. This may entail a nonspecific balancing feedback mechanism that may also overcome the impact of increased hepatic LDLR activity on newly secreted apoB. 15, 20 Although PCSK9 gene variants can affect hepatic secretion of apoB in humans, 21, 22 the experimental evidence supporting a role of PCSK9 in the assembly and secretion of apoB is less clear. 5 Our kinetic findings concur with data showing that subjects with missense, loss-of-function mutations in PCSK9 have profound hypocholesterolemia because of the accelerated catabolism of LDL particles. Although we did not measure hepatic LDLR function directly in our study, the FCR of LDL-apoB is well known to be inversely correlated with LDLR activity. 23 The differential effects of atorvastatin and evolocumab on the intravascular production of LDL-apoB are noteworthy. The explanation for the reduction in LDL-apoB production with evolocumab as opposed to atorvastatin could relate to greater enhancement in the direct hepatic uptake of IDL-apoB, the precursor of LDL-apoB, and to the absence of an effect on the lipolysis of TRLs with evolocumab, as reflected by the lack of significant changes in the plasma concentrations of apoA-V, apoC-III, and lipoprotein lipase. Measurement of lipoprotein lipase and hepatic lipase activities in postheparin plasma may provide a more precise mechanism of action of evolocumab and atorvastatin on intravascular lipolysis of TRLs, particularly in respect to the differential reductions in the transport rate of apoB from VLDL to IDL and from IDL to LDL with evolocumab. By contrast to PCSK9 inhibitors, statins decrease the biliary excretion of cholesterol and potentially increase the fractional enterocytic absorption of cholesterol, 24, 25 consistent with the significant elevation in campesterol seen with atorvastatin in our study 25 ; such a response could in turn offset the effect of decreased cholesterol synthesis on the production and catabolism of apoB. 2, 26 Although evolocumab decreased the plasma lathosterol and campesterol levels alone, it did not alter the ratios of lathosterol to cholesterol, campesterol to cholesterol, and lathosterol to campesterol. Hence, the increase in LDL-apoB catabolism with evolocumab was likely to be driven chiefly by the effect of PCSK9 inhibition on LDL receptor recycling and activity.
The LDLR, a member of a superfamily of hepatic receptors, clears TRLs from plasma. VLDL and LDLR-related protein receptors recognize TRL remnants via the ligand apoE, but this requires initial lipolysis of nascent particles by lipoprotein and hepatic lipases. 27, 28 ApoC-III also potently regulates the lipolysis of TRLs and hepatic uptake of remnant lipoproteins. 29 We have consistently demonstrated that statins increase the catabolism of TRL remnants, 4, 30 which may partly entail a peroxisome proliferator-activated receptor-α agonist effect that decreases expression of apoC-III. 31 By contrast to the LDLR, the expression of VLDLRs is not sensitive to the sterol content of hepatocytes. 27 It is possible that the significant fall in plasma apoC-III with atorvastatin partly accounts for the associated increase in catabolism of VLDL and IDL in our study. 4, 29 That no reduction apoC-III was seen with evolocumab implies that the clearance of TRLs may relate exclusively to a direct receptor-mediated mechanism, 3, 4, 29 which is of sufficient magnitude to decrease the intravascular production of both IDL-apoB and LDL-apoB.
Beyond the LDLR, experimental evidence suggests that PCSK9 is involved in the regulation and intracellular degradation of other lipoprotein receptors, including VLD-LR and LDLR-related protein. 5, 31 However, these are less sensitive to the effects of PCSK9 than the LDLR. 5, 31 The apparently less potent effect of evolocumab than atorvastatin in accelerating the catabolism of VLDL particles and lowering plasma triglyceride concentrations is compatible with the lack of significant reduction in apoC-III and less effective upregulation of the VLDLR with evolocumab. 3, 4, 29 The statistically significant effects of both interventions on the catabolism of VLDL-apoB and IDL-apoB are also consistent with different mechanisms of action on the corresponding hepatic receptors. The extent to which reduction in plasma apoE levels with both agents increases the catabolism of TRLs merits further investigation. 32, 33 The strengths of our study include the largest sample size for this type of investigation and the use of well-validated metabolic methods.
3, 4 We also studied only men to offset potential confounding effects of estrogens, either during the menstrual cycle or related to the menopause, on lipid metabolism within a normolipidemic range. However, it is likely that similar overall findings would apply to women with fully functional LDL receptor activity. 2 The selection of healthy, nonobese, insulin-sensitive, normolipidemic subjects ensured that the LDLR pathway was fully functional and plasma apoB transport physiological. The factorial design enhanced the cost efficiency of the investigation, the sample size being based on postulated main effects of atorvastatin and evolocumab on the fractional catabolism of LDL-apoB. However, we might have lacked statistical power to detect small effects of either intervention on VLDL-apoB production and of atorvastatin alone on IDL-apoB and LDL-apoB production.
The safety profile of evolocumab was compatible with phase 2 and 3 studies and a meta-analysis of published trials with PCSK9 mAbs. 34 A duration of intervention of 8 weeks is insufficient to fully assess the benefit-to-risk ratio of long-term therapy. The regimen of evolocumab we used was intended to achieve maximal inhibition of PCSK9 activity and has not been previously tested in, and is not approved for, nonfamilial hypercholesterolemic populations. Our study accordingly provides valuable short-term safety data in healthy individuals.
Whether our principal findings apply to pre-or postmenopausal women, to subjects with apoB transport defects, and to more extended periods of treatment with different dose regimens remains to be formally tested. We anticipate that the lipoprotein kinetic changes apply to other PCSK9 mAbs, 6, 7 provided that the dosing regimen is sufficient to substantially inhibit the plasma concentration of free PCSK9 and its interaction with hepatic lipoprotein receptors. 5 Beyond accelerating catabolism, the reduction in production of apoB seen with our PCSK9 mAb regimen could have a specific therapeutic advantage and remains to be further evaluated clinically. Specifically, the reduced production of IDL and LDL-apoB may not apply to patients who have impaired activity of hepatic receptors, such as those with multigenic or autosomal dominant hypercholesterolemia with higher plasma concentration of LDL-cholesterol, particularly on high-intensity statin therapy. 35 Accordingly, future studies should investigate the postabsorptive and postprandial effects of evolocumab on lipoprotein kinetics in subjects with atherogenic dyslipidemia, including those with type 2 diabetes mellitus, the metabolic syndrome, and familial hypercholesterolemia. [35] [36] [37] Tracer kinetics underpin our knowledge of the in vivo physiology and pathophysiology of plasma lipids and lipoproteins. [2] [3] [4] These dynamic studies provide unique data for understanding the modes of action and efficacy of lipid-regulating therapies in humans and can therefore bear significantly on best clinical practice and the prevention and treatment of atherosclerotic cardiovascular disease. 3, 4 Although strictly an interventional investigation of normal lipoprotein physiology, our findings proffer fundamental mechanisms that could underpin the outcomes of previous and future clinical trials using PCSK9 mAbs. 6 
